We have asked whether exonucleolytic proofreading occurs during simian virus 40 origin-dependent, bidirectional DNA replication in extracts ofhuman HeLa cells. In addition, we have compared the fidelity of leading and lagging strand DNA synthesis. In a fidelity assay that scores single-base substitution errors that revert a TGA codon in the lacZa gene in an M13mp vector, providing an excess of a single dNTP substrate over the other three dNTP substrates in a replication reaction generates dermed, strand-specific errors. Fidelity measurements with two vectors having the origin of replication on opposite sides of the opal codon demonstrate that error rates for two different AdCTP and T-dGTP mispairs increase when deoxyguanosine monophosphate is added to replication reaction mixtures or when the concentration of deoxynucleoside triphosphates is increased. The data suggest that exonucleolytic proofreading occurs on both strands during bidirectional replication. Measurements using the two simian virus 40 origincontaining vectors suggest that base substitution error rates are similar for replication of the leading and lagging strands.
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The replication of eukaryotic chromosomes is a complicated process requiring high fidelity. Studies in higher eukaryotes with the simian virus 40 (SV40) system (1) (2) (3) (4) suggest that the enzymology at the replication fork is asymmetric-i.e., the leading and the lagging strands are synthesized by a different complement of proteins (5-7). A current model (8) suggests that the leading strand is replicated by DNA polymerase 6 (pol 8), an enzyme containing an associated 3' 5' exonuclease activity (4) , while the lagging strand is replicated by DNA polymerase a (pol a), which has generally been isolated free of exonucleolytic activity (4) . We previously reported the development of an assay with which one can examine the fidelity of a human cell replication complex during bidirectional, semiconservative DNA synthesis on a circular DNA molecule containing the SV40 origin of replication and the lacZa gene from M13mp2 as a mutational target (9) . A similar system has been described that uses the supF gene as the mutational target (10) . We found that the replication apparatus is significantly more accurate than the purified pol a-primase complex isolated from HeLa cells (9) . Given the high fidelity of the replication complex, we have now used this assay to examine the replication apparatus for the ability to proofread errors during replication. In addition, we have manipulated both reaction conditions and the DNA template to examine the base substitution fidelity of leading and lagging strand synthesis.
MATERIALS AND METHODS
Replication Extracts and Large Tumor Antigen (T Antigen). The HeLa (S3) cell cytoplasmic extract was prepared as described (11, 12) . SV40 large T antigen either was purified as described (12) After incubation for 6 hr at 37°C, the reaction was stopped as described (14) , 10 IlI was removed and added to 0.5 ml of ice-cold 10%6 trichloroacetic acid, and the acid-insoluble products were collected on a glass fiber filter and analyzed for 32P by liquid scintillation counting. The rest of the DNA products were collected by precipitation at -20°C in a final vol of 136 pl in the presence of 20 ,ug of tRNA/1 M ammonium acetate/50% isopropanol. The DNA pellets were dried, resuspended in 100 ,ul of TE (10 mM Tris HCI, pH 8.0/1 mM Na4EDTA), and further purified by extraction with phenol (2 x 100 pl) followed by diethyl ether (2 x 500 pl). The DNA was then precipitated as described above (no additional tRNA added), dried, and resuspended in TE. Restriction enzymes were purchased from New England Biolabs and used as described (9) . The Dpn I-treated, replicated DNA was then used to transfect Escherichia coli strain NR9162, a mutS form of MC1061, by electroporation with a Bio-Rad Gene Pulser. These cells were plated within 30 min with CSH50 as the 8-galactosidase a-complementation strain to yield 2000-10,000 M13mp2SV plaques per plate. Revertant (blue) plaques were scored and purified as described, and single-stranded DNA was prepared and sequenced as necessary.
DNA Templates. The double-stranded M13mp2 DNA molecules used as templates were M13mp2SVA89 ori left, which has been described (9), and M13mp2SVA89 ori right, which contains the SV40 origin region (carried on an -200-base-pair HindIII/Sph I fragment described previously) inserted into the Bsu36I site within the lacZa gene on the right side of the opal codon target. The procedure for inserting the SV40 origin was the same as described for the original construction of M13mp2SV (9) .
RESULTS
Opal Codon Reversion Assay. We developed an assay with extracts of human HeLa cells (9) to examine the fidelity of bidirectional, semiconservative DNA replication of a circular M13mp2 DNA molecule containing the SV40 origin of replication and the lacZa gene as a mutational target. This fidelity assay scores single-base substitution errors that revert a TGA codon to restore a-complementation of /-galac-Proc. Natl. Acad. Sci. USA 88 (1991) tosidase activity (scored as a blue plaque phenotype). This termination codon yields a colorless-plaque phenotype when the products of a replication reaction are introduced into bacterial host cells, which are then plated on indicator plates to monitor f-galactosidase activity. Base substitution errors are detected as blue plaques. The reversion frequency-i.e., the proportion of blue to total plaques-reflects the base substitution error rate.
Providing an excess of a single dNTP substrate over the other three dNTPs in a replication reaction generates defined, strand-specific errors. For example, excess dGTP leads to T-dGTP transition mispairs at position 89 in one strand of the lacZa sequence at the TGA opal codon or at position 87 in the opposite strand (Fig. LA) . Likewise, excess dCTP results in transition mispairs of A-dCTP at position 89 in one strand and at position 87 in the other (Fig. 1A) . The location of the error in any given revertant can be determined by DNA sequence analysis. A role for exonucleolytic proofreading on both strands can be examined by adding deoxynucleoside monophosphates, which prevent excision of a nucleotide at the primer terminus (15, 16) , or by increasing the concentration of deoxynucleoside triphosphates, thus increasing the rate of polymerization of the next correct nucleotide onto a mispaired template-primer and decreasing the probability of excision (17) (18) (19) .
Replication reactions were performed with excess dGTP or dCTP in order to force T-dGTP and A-dCTP mispairs (Fig.  1A ). These mispairs have been shown to be effectively proofread by purified enzymes (19) (20) (21) (22) . To examine the effect of monophosphates, we chose to add dGMP to the reaction mixture, based on its ability to effectively inhibit exonucleolytic proofreading with purified enzymes (21, (23) (24) (25) .
Both the pool imbalances and the addition of 1 mM dGMP slightly reduced replication efficiency (measured as total pmol of dNTP incorporated; data not shown). When aliquots of each reaction mixture were analyzed by agarose gel electrophoresis (9), the replication products were found to be mostly monomer circular DNA molecules, with some higher molecular weight DNA present. Diagnostic restriction endonuclease digestion (9) demonstrated that the monomer circles were primarily the result of a single round of replication.
The remaining reaction products were digested with Dpn I to eliminate unreplicated molecules (26) , and the newly replicated DNA was used to transfect competent host cells to score opal codon reversion frequencies (Table 1) . Replication using equimolar concentrations of all four dNTPs yielded a reversion frequency only slightly above the reversion frequency of unreplicated DNA. Even when dGTP (Exp. 1, 200 ,uM dGTP) or dCTP (Exps. 2 and 3, 200 ,uM dCTP) was provided in 20-fold excess over the other dNTPs, the reversion frequency of replicated DNA was not significantly above that of unreplicated DNA. These results demonstrate that replication is highly accurate for single-base substitution errors.
Evidence for Exonudeolytic Proofreading During Replication. The addition of dGMP led to an increase in the reversion frequency for both pool bias conditions ( Table 1) . At 1 mM dGMP, the effect was .8.6-fold for the dGTP pool bias (Exp. 1) and .28-fold for the dCTP pool bias (Exp. 2). The effect of 2 mM dGMP with a dCTP pool bias was even greater, .80-fold (Exp. 3). Since nucleoside monophosphate-induced infidelity has been taken as strong evidence for exonucleolytic proofreading with DNA polymerases (see ref. 27 and, for review, ref. 28), the simplest interpretation of these data is that proofreading is also occurring during bidirectional replication. Consistent with the interpretation that the dGMP effect was due to end-product inhibition of exonucleolytic proofreading activity, addition of 1 mM guanosine to a replication reaction mixture had no effect on reversion frequency (Exp. 3).
The next-nucleotide effect was examined with replication reaction mixtures that contained a consistent 20-fold dNTP pool imbalance. In addition, the concentration of each of the dNTPs was increased 5-fold-e.g., low dNTP reaction mix-A M13mp2SV A89 increased, the rate of polymerization from a terminal mispair increases, diminishing the probability that the exonuclease will excise the error prior to polymerization. Consistent with this logic, DNA sequence analysis of revertants demonstrated that only three of the four transition mispairs showed a substantial increase in frequency. For the A-dCTP mispair at position 87, no effect of dNTP concentration was seen. An examination of the neighboring DNA sequence around the opal codon (5'-CTGA89G-3') provides a clear explanation. This is the only transition mispair where the pool bias used (high dCTP) does not provide a high concentration of the next correct nucleotide (in this case, dGTP, complementary to the template C in the minus strand at position 88).
Fidelity of Leading and Lagging Strand Replication. Previous studies (11, 29) have suggested that the rate of replication fork movement is likely to be similar in both directions from the SV40 origin. Fidelity measurements with two vectors having the origin of replication on opposite sides of the opal codon permit a determination of the fidelity of replication of the same sequence by either the leading or lagging strand apparatus (Fig. 1) . The vector used for the studies described above contains the origin of replication on the left side of the TGA codon (M13mp2SVA89 ori left). The opal codon is 513 nucleotides distant from the first nucleotides incorporated at the origin (30), a distance that is small relative to the total size of the vector (7398 base pairs). Thus, the strand containing the 5'-TGA-3' sequence is likely to be replicated as the lagging strand (Fig. lA) . Conversely, the complementary strand, containing the template sequence 3'-ACT-5', is likely to be replicated as the leading strand.
To examine the fidelity of leading versus lagging strand replication, the opposite situation was created by placing the origin of replication on the right side of the opal codon (M13mp2SVA89 ori right). Since the distance between the origin of replication and the opal codon (230 nucleotides) is again small relative to the size of the vector, it is likely that the strand containing the 5'-TGA-3' sequence will be replicated as the leading strand (Fig. 1B) .
Based on this rationale, replication reactions with the ori right vector were performed with equimolar concentrations of all four dNTPs. As with the ori left vector (Table 1) , these reactions yielded low reversion frequencies (data not shown), indicating that base substitution fidelity is high for both strands. We then performed reactions under the same conditions described in Table 1 10-6) has been subtracted. To determine which revertants could be scored as blue plaques with M13mp2SVA89 ori right, all revertants that can result from single-base changes were generated by oligonucleotide-directed mutagenesis (as described in ref. 31 ) and their identity was confirmed by DNA sequence analysis. The TGG codon yielded blue revertants, while codons resulting from the other single-base changes yielded colorless phenotypes. Any blue revertants recovered with this vector thus contain the TGG codon resulting from either an A89-dCTP or T89dGTP mispair, eliminating the need to resort to DNA sequence analysis to describe error specificity. It is also possible to focus on these same two transition mispairs for the ori left vector without sequencing revertants by determining the reversion frequency for dark blue plaques only. As confirmed by sequence analysis, these contain the TGG sequence. Exp. 1, high dCTP scores A89-dCTP mispairs; Exp. 2, high dGTP scores T89-dGTP mispairs.
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Proc. Natl. Acad. Sci. USA 88 (1991) and lagging strand replication. Again the similarity in reversion frequencies for the same mispair at the same position suggests that, with this reaction condition, replication fidelity is similar for both the leading and lagging strands (last column in Table 2 ).
Reactions in which excess dCTP and a 5-fold higher overall dNTP concentration were used also yielded an increase in reversion frequency compared with the low dNTP condition for leading and lagging strand synthesis (Table 2, Exp. 1). Addition of dGMP further increased the reversion frequencies. Both effects are consistent with the suggestion that proofreading is contributing to fidelity on both strands. As for the low substrate concentration reactions, the values obtained with the two vectors at high substrate concentration and added dGMP were similar (22 x 10-6 and 24 x 10-6). An additional experiment with excess dGTP was performed to examine the rate of misincorporation for the T-dGTP mispair at position 89 (Exp. 2). Monophosphate and next-nucleotide effects were observed for replication of both vectors and, within a factor of 2, reversion frequencies were the same with both vectors. Interestingly, with the dCTP pool imbalance in the absence of dGMP, a 4-fold difference was observed between the two vectors (compare 12 x 10-6 with 3 x 10-6). We performed an independent repeat of this experiment and again obtained a 4-fold difference.
Specificity of Proofreading. With the ori left vector it is possible to score 10 different mispairs at the opal codon (see Table 3 and legend). To establish which of these misincorporations were responsible for the monophosphate-and next-nucleotide-mediated increases in reversion frequencies shown in Table 1 , we determined the DNA sequence of revertants generated with each pool imbalance. The results demonstrate that (i) -95% of the mutants contain a singlebase change consistent with misincorporation of the nucleotide present in excess-i.e., either dGTP or dCTP; (ii) =94% of the revertants resulted from transition base substitutions at the first or third position of the TGA codon (Table  3) ; (iii) monophosphate effects were observed for all four transition mispairs and next-nucleotide effects were seen for three of the four transition mispairs; and (iv) substantial quantitative differences in error rates are observed by comparing either different mispairs at the same position (the T-dGTP mispair versus the A-dCTP mispair at either position 87 or position 89) or the same mispair at different positions (the A-dCTP mispairs at two positions).
Influence of Mimatch Repair. It has recently been shown that a nuclear extract of HeLa cells contains a generalized system for repair of single-base mismatches (32) . To examine A87*dCTP '1 240 .240
'<1 Reactions were carried out with M13mp2SVA89 ori left DNA under conditions ofa 20-fold pool imbalance with the incorrect dNTP present at the concentration given above each column. dGMP was added at 1 mM final concentration. Additional DNA sequence analysis indicated that the frequency of the transversion mispairs, G88-dGTP, C88-dCTP, T87-dCTP, T89-dCTP, A87-dGTP, and A89-dGTP, was not above the background of the assay at 200 ,uM incorrect dNTP in either the presence or absence of dGMP. The background revertant frequency of unreplicated DNA (6 x 10-6) has been subtracted. the influence of mismatch repair on measurements of replication fidelity with the cytoplasmic extracts used in this study, we performed a parallel analysis of mismatch repair, using extracts, reaction conditions (minus T antigen), and DNA concentrations (40 ng per 25-.lI reaction mixture) identical to those used in our replication reactions. Under these conditions, repair of single-base mismatches is inefficient (described in ref. 9 and more recent unpublished observations). This result and the readily observable increases in reversion frequencies resulting from selective increases in dNTP substrate concentrations suggest that most replication errors escape mismatch repair under the conditions used. Even under conditions in which mismatch repair has been found to be highly active [lower DNA concentrations (5 ng per 25-,ul reaction mixture)] (33), mismatch repair efficiency was not reduced by adding dGMP or by varying the concentration of dNTPs in the reaction mixtures. Thus, the monophosphate and next-nucleotide effects do not result from a diminution in mismatch repair. Furthermore, the efficiency of repair differed by no more than 2-fold for any of the four transition mispairs examined, suggesting that relative reversion frequencies reflect the error specificity of the replication complex.
DISCUSSION
The results presented here indicate that proofreading operates during replication of both strands. Furthermore, the data suggest that the base-substitution error rates for DNA synthesis during bidirectional replication are similar for the leading and lagging strands. This conclusion requires two simple assumptions: that in the presence of a pool bias, the mutations identified are the result of the misincorporation of the dNTP present in excess, and that the apparatus that replicates each strand is defined by the close proximity of the target to the origin and the approximately equal rate of movement of the replication forks in each direction from the origin of replication.
These findings are relevant to several aspects of DNA replication in eukaryotic cells. With only one exception, the results presented in Table 2 suggest that the fidelity of replication of the leading and lagging strands differ by no more than 2-fold for two mispairs at one template position. With a low concentration of dNTPs and no added dGMP, the fact that the reversion frequency values are low for the two vectors indicates that fidelity is high for both strands and that proofreading is contributing by factors of from 3-to -240-fold to base substitution fidelity. Since the reversion frequencies are similar to the background frequency of unreplicated DNA, we cannot yet infer whether the fidelity of leading and lagging strand replication are different under these highfidelity conditions.
Ifone makes the simplifying assumption that adding dGMP to the replication reaction mixture diminishes proofreading but does not affect base selectivity, then the similarity in reversion frequency values for the two different vectors under the low-fidelity conditions (Table 2 ; 1000 juM dCTP or dGTP in the presence of dGMP) implies that, whatever the actual composition and architecture of the replication apparatus at the fork, it achieves about the same level of base selectivity for both the leading and lagging strands. The data also suggest that, at least for position 89, replication is less accurate for the TdGTP mispair than for the A-dCTP mispair.
While seven of eight variables in Table 3 The specificity information on the errors generated in the presence and absence of proofreading is interesting relative to results with purified DNA polymerases. In these replication studies, under low-fidelity conditions that may reflect diminished proofreading, the ratio of transition to transversion base substitutions at the opal codon is -20:1. In contrast, during gap-filling synthesis reactions with the human pol a-DNA primase complex, this ratio is -1:1. One intriguing speculation is that accessory proteins in the replication apparatus may preferentially improve discrimination against transversion errors, as has been implied for the mutT protein in E. coli (35) (36) (37) (38, 39) .
Alternatively, DNA polymerase-associated proofreading activity may be modulated by other components of the replication apparatus. Cotterill et al. (40) identified an exonuclease activity in preparations of pol a/primase from Drosophila melanogaster. This exonuclease activity was cryptic when the purified pol a/primase was associated with additional subunits. Upon removal of specific subunits, polymerase-containing fractions showed a substantial increase in the ratio ofexonuclease to polymerase activity. An additional possibility is that pol e may have a role in proofreading on one or both strands during DNA replication. The strategy used to detect proofreading during DNA replication-i.e., a monophosphate and next-nucleotide effect-also demonstrated proofreading with pol E (21) [formerly designated DNA polymerase OIl (41) ]. Recent observations suggest that the equivalent of pol E in Saccharomyces cerevisiae, DNA polymerase II (42) , is involved in chromosomal replication in this organism (43) . Proofreading on both strands in crude extracts of human cells is consistent with the involvement of either pol E or pol 6, which also has a 3' --5' proofreading exonuclease (4) and has been shown to be involved in SV40 replication in vitro (2, 3) . There is as yet no direct evidence that pol E is involved in SV40 replication in the reconstituted in vitro systems under study.
Another model for achieving proofreading on both strands comes from fidelity studies by Perrino and Loeb (44) with purified enzymes. These workers suggested that the exonuclease associated with pol 8 may proofread errors generated by pol a at a replication fork. An extension of this hypothesis might allow any exonuclease activity at the replication fork to function on either strand or both strands of DNA during replication, regardless of which polymerase is on the leading or lagging strand.
